F. W. CHATTAWAY, C. C. THOMPSON AND A. J. E. BARLOW I956 5. Release of these materials from mycelium treated with fatty acid was greatest at acid pH values, but change of pH had no significant effect upon the release by detergents.
6. Incubation of mycelial pads of these fungi in the presence of arsenite leads to the accumulation of pyruvate and ax-oxoglutarate together with traces of an unidentified a-keto acid. The yield of ca-keto acids is increased by the presence of glucose in the medium.
We wish to thank the Agricultural Research Council for a maintenance grant to one of us (C. C. T.) and for a grant towards the cost of materials. We also gratefully acknowledge a gift of sodium fluoroacetate from Sir Rudolph Hammond & Gutfreund (1955) have concluded from studies of the hydrolysis of acetyl-L-phenylalanine ethyl ester catalysed by chymotrypsin that at least two steps occur during this reaction: first, an initial rapid adsorption of the substrate, and, secondly, a reaction involving an imidazole group of the enzyme and the carbonyl group of the substrate. Kinetic evidence showed that this latter reaction is rate-determining. Schaffer, May & Summerson (1953) have shown that during the inactivation of chymotrypsin with alkyl phosphates the hydroxyl group of one serine of the enzyme is phosphorylated. It remained to be decided whether the participation of the serine residue is restricted to the reactions involving irreversible inhibition of the enzyme or whether this group is also involved in a relatively rapid reaction step preceding or succeeding the rate-determining reaction with the imidazole group. Hartley & Kilby (1952 found that chymotrypsin catalyses the hydrolysis of p-nitrophenyl acetate and that during the course of this reaction there occurs initially a rapid liberation of one mole of p-nitrophenol/mole of chymotrypsin followed by a slow hydrolysis. It has recently been shown by one ofus (Gutfreund, 1955) that the initial rapid reaction can be followed by a stopped-flow method, and it was suggested that a detailed investigation of this initial reaction would give information about reaction step which might involve the acylation the catalytic site of hydrolytic enzymes.
The studies of the reaction of p-nitrophei acetate with chymotrypsin described in this pal were designed to show first whether the enzy does in fact become acylated during the course oft catalysis, and secondly whether the pH depender of the different steps permits one to draw a further conclusions about the particular groups the enzyme involved in each of them.
THEORETICAL
The experimental results to be given below require for ti detailed description a kinetic scheme involving two differ enzyme-substrate complexes: In determining the rate ofappearance ofP' at small values of t, we have employed the integral of equation (5), which is an expression of the form (8) where k is the quantity to be determined. It should be noted that, in the actual experiments, A in this equation includes contributions from spontaneous hydrolysis of the substrate and electrical drift as well as from k3. Data conforming to an equation of this form can best be handled by an elaboration of the procedure suggested by Guggenheim (1926) . Readings rl, r2 and r3 (where r is any quantity linearly dependent on [P']) are made at times tl, tL + At, and t, + 2At. At should be three or four times the half-time of the reaction. It can be shown that if log jrL +r73 -2r21 is plotted against t1 for a series of such sets of readings (the series of t values should cover one or two half-times of the reaction), a straight line of slope -k/2-303 is obtained. It should be emphasized that it is impossible to prove the unique adherence of experimental data of usual accuracy to an equation of the form of (8) because the equation contains three adjustable parameters. Our data gave satisfactory linear plots in all cases, but we recognize that this in itself does not show that our proposed reaction scheme is correct. As discussed below, much more convincing evidence is 
Equations (10) and (11) illustrate that care must be exercised in the interpretation of kinetic data for complex reactions.
In particular, it is almost always assumed that one particular step is rate-determining for the overall process, whereas, as shown by equation (11) Stopped-flow technique. The Gibson (1952) stopped-flow apparatus was used to measure the changes in lightabsorption accompanying the second reaction in equation (1). The apparatus, as modified by Gutfreund (1955) , was further modified by inclusion of electrical heating and a very rapidly responding thermocouple immersed in the fluid just beyond the observation cell, with which a positive measure of the actual reaction temperature was obtained. All experiments in the stopped-flow apparatus were performed at 25.0±0.2°.
The half-times of the reactions observed here were of the order of 1 sec., so that it was convenient to employ a penand-ink recorder in place of oscillographic recording. For this purpose, the output of a cathode-follower stage after the photomultiplier tube was amplified by a stable d. 
RESULTS
Eviluation of k2. The reaction described by equation (1) was studied by following the liberation of p-nitrophenol at times sufficiently small so that the exponential in equation (4) could be evaluated. These rate measurements were carried out by the stopped-flow technique described above. A typical experiment is represented by the modified Guggenheim plot (see p. 657) in Fig. 1. Fig. 2 shows a Lineweaver & Burk (1934) plot of rate measurements on this time scale. These values were obtained at pH 6-45 and 7-7 in solutions which were 0-05M with respect to sodium phosphate and con- (Fig. 2) . (±0-8)x 1O-3 and 1-6 (±0-16)x 1O-2 at pH 7-75 and 6-45 respectively. This is a first-order reaction and is therefore independent of enzyme concentration; so in this case the mean value for V, is taken as the first-order rate constant k2= 3-15 sec.-'. Evaluation of k3. The reaction of equation (2) was studied by following the rate of formation of p-nitrophenol at times large enough so that the exponential in equation (4) could be neglected. For this purpose we used a Unicam spectrophotometer at 270. The reference solution was identical with the reacting solution except that it contained no enzyme; in this way no separate correction need be applied for the spontaneous hydrolysis of pnitrophenyl acetate. Rate measurements were made over the range of pH 6-45 to 7-75: reaction mixtures were 0-05M in sodium phosphate and con- 
DISCUSSION
The most important conclusions from our extension of the studies of Hartley & Kilby (1954) In recent summaries of all the available information about the catalytic site of chymotrypsin (Hammond & Gutfreund, 1955; Jandorf, Michel, Schaffer, Egan & Summerson, 1955) , it has been pointed out that an imidazole group of histidine is essential for the rate-deternining step. Balls & Jansen (1952) discovered that during the irreversible inhibition of chymotrypsin with dii8o-propyl fluorophosphate (dii8opropyl phosphorofluoridate) a single dii8opropyl phosphate group is attached to each chymotrypsin molecule. Subsequently, Schaffer et al. (1953) isolated dii8opropyl phosphoserine from the enzymic hydrolysate of chymotrypsin inhibited with dii8opropyl fluorophosphate. Up to now there has been considerable doubt whether this information proved that serine is involved in one of the reaction steps of hydrolysis catalysed by chymotrypsin or whether the presence of phosphoserine was due to an artifact of the reaction with this type of inhibitor or to an acyl migration from an imidazole group of histidine to a hydroxyl group of serine.
In our reaction scheme [equations (1), (2) and (3) for the existence of (ES') is provided by the fact that the formation of (ES') cannot be described by second-order kinetics, but requires the MichaelisMenten interpretation. The evidence available at present makes it appear very probable that in (ES") -the hydroxyl group of a serine residue is acetylated.
The step represented by equation (2) is intramolecularly catalysed by an imidazole residue, which must be in its uncharged form to be effective. The rate of this step, which is frequently the overall rate-determining step, thus depends on pH in the manner demonstrated by Hammond & Gutfreund (1955) . The step characterized by the rate constants k2 and k2 may also be affected by intramolecular catalysis; the fact that its rate is independent of pH over the range 6-45-7*75 would indicate that the group causing the catalysis is unaffected in this range by changes in pH. This group might thus be either a carboxylate ion or an undissociated basic group.
The experiment illustrated in Fig. 4 constitutes further support for the mechanism outlined in equations (1)- (3). In this experiment p-nitrophenol served as the only buffer present. If the acylation step involves either an SH or an OH group in the enzyme, there will be liberated one molecule of p-nitrophenol/molecule of enzyme acylated, and at pH 6-6 part of this would be in the form of the coloured nitrophenoxide ion. On the other hand, if the acylation involves a basic group, there will be liberated, in addition to the p-nitrophenol, an amount of H+ ion corresponding to the degree of dissociation of the basic group involved. In view of the fact that at pH 6-6 all basic groups whelmed by the effect of competitive inhibition. We believe that the kinetic scheme proposed here is an adequate foundation for explanation of all known facts concerning hydrolyses catalysed by chymotrypsin and that the evidence presented in this paper proves that the a covalent bond between enzyme and substrate is formed to yield the acylated complex (ES'). SUMMARY 1. It is shown that the kinetics of the hydrolysis ofp-nitrophenyl acetate catalysed by chymotrypsin can be fully described by a mechanism involving three distinct steps. The first step, which involves the rapid adsorption ofthe substrate on the enzyme, is too fast to be measured by the methods used. The second step, which involves the acylation of the enzyme and the concomitant liberation of pnitrophenol, is characterized by the rate constant k2= 3-15 sec.-'. The third step involves the liberation of acetate and reactivation of the enzyme; the rate of this reaction is defined by kI3 = 0-0254 sec.-'.
2. The rate constant k2 for the second step is, within experimental error, the same at pH 6-45 and pH 7*75; from this and other available evidence it is suggested that it involves the acetylation of the OH group of a serine residue in the enzyme. The third step has a pH dependence similar to that previously found for the overall rate of reactions catalysed by chymotrypsin, and it is suggested that it involves the imidazole group of a histidine residue ofthe enzyme.
